Abstract: Nitrogen-vacancy centers in nanodiamond allow nano-resolution magnetometry. However, their use has been limited by poor quantum state coherence times. Using high purity nanodiamonds we achieve spin coherence comparable to that in bulk diamond. Research efforts ranging from biology to material science are increasingly in need of a magnetic field probe with nanoscale resolution. For instance, the regulation of ion transport through ion channels in cell membranes or the mechanisms of spin ordering in graphene nanoribbons and other advanced materials are key, topical processes under investigation. Existing methods, such as superconducting quantum interference devices and Hall sensors, are limited to a μm spatial resolution, restricted to the detection of large ensembles of particles or require cryogenic operating temperatures. As a consequence many central questions at the nanoscale will remain unanswered until a probe satisfying high sensitivity and nanoscale resolution at ambient temperatures is developed.
Research efforts ranging from biology to material science are increasingly in need of a magnetic field probe with nanoscale resolution. For instance, the regulation of ion transport through ion channels in cell membranes or the mechanisms of spin ordering in graphene nanoribbons and other advanced materials are key, topical processes under investigation. Existing methods, such as superconducting quantum interference devices and Hall sensors, are limited to a μm spatial resolution, restricted to the detection of large ensembles of particles or require cryogenic operating temperatures. As a consequence many central questions at the nanoscale will remain unanswered until a probe satisfying high sensitivity and nanoscale resolution at ambient temperatures is developed.
Recently, a particularly promising platform for magnetic field sensing has emerged in the form of nitrogen-vacancy centers (NVs). NVs in diamond are naturally occurring point defects that form a highly localized spin state sensitive to magnetic fields. High-fidelity spin initialization and readout can be performed optically, and coherent state manipulation can be achieved using a microwave field. NVs are stable and controllable at room temperature making them an excellent candidate for performing nanoscale magnetometry in a wide range of environments and under ambient conditions. The centers occur in bulk diamond as well as in diamond nanocrystals and so far practical progress in NV magnetometry has been inhibited by a need to make a compromise between high sensitivity (given by long spin coherence times of NVs embedded in bulk diamond) and high spatial resolution (given by NVs close to the surface in nanodiamonds). While ultrapure bulk diamond NVs sustain the longest spin coherence times among optically accessible spins, nanodiamond NVs display persistently poor spin coherence. To fully exploit the potential of this nanoscale sensing system, the principal challenge is to overcome the gap between bulk-diamond and nanodiamond coherence. So far, the origin of the limitations of NVs in nanodiamonds has not been thoroughly investigated.
We introduce a new class of low-impurity nanodiamonds (diameter ~ 20 nm) and demonstrate that the NV coherence in these nanocrystals is an order of magnitude longer than that in previous measurements [1] . The key finding is that it is not the interaction with surface states that dominates the coherence properties of nanodiamond of this size, but rather the concentration of nitrogen impurities within the lattice. The electron spins of the impurities couple to the NV and their presence in high concentration leads to fast dynamics whose effect cannot be eliminated. At low concentrations however, their dynamics are slow enough that they can be dealt with using a dynamical decoupling sequence which involves a precise train of excitations at microwave frequencies. Using this technique we demonstrate a more than 10-fold spin coherence time enhancement and achieve the longest coherence ever measured in nanodiamond NVs. In fact, our results even surpass the spin coherence of NVs in low purity bulk diamond. Figure 1a shows the NV coherence as a function of the total sequence time τ. The coherence extends from 5.8 μs (simple spin echo with one decoupling pulse) to 67 μs (dynamical decoupling with 71 π-pulses). Exploiting the long coherence time, we proceed to characterise fully the environment spin bath by selectively driving subsets of environment spins and detecting the resulting magnetic field signal using the NV. Additionally, utilizing the coherent control of the paramagnetic bath spins, we force rapid dynamics on the bath reaching the motional narrowing regime. In this regime the NV spin decouples from the bath. The free spin decay time is thus prolonged by a factor of three to 1.27 μs, as shown in the Ramsey measurement in Figure 1b , which is comparable to that in ultra-pure, impurity-free diamond.
As nanodiamonds are non-toxic to living organisms they have the added advantage that they can function as magnetometers in biological systems. There have already been numerous interesting studies, ranging from magnetic field measurements within a living cell to monitoring ion flow through cell membranes [2] [3] [4] . However, they have been limited by the poor spin coherence properties, deemed inherent to nanodiamonds. Consequently, the results have remained on a 'proof of principle' level. Our finding shows that all these proposals can indeed be realized and it sets the required criterion for the choice of future nanodiamond magnetometers. Figure 1 : a, Dynamical decoupling of NV spin. The spin coherence increases as more decoupling pulses are added to the sequence from 1 pulse (red) to 71 pulses (blue). b, Free induction decay of NV spin without environment control (top) and with bath spins driven in the motionally narrowed limit (bottom).
References
[1] Observing Bulk Spin Coherence in High-Purity Nanodiamonds: H. S. Knowles, D. M. Kara and M. Atature. Nat. Mater. 13, 21 -25 (2014) .
[2] Quantum measurement and orientation tracking of fluorescent nanodiamonds inside living cells: P. L. McGuinness. Nat. Nanotechnol. 6, 358 -363 (2011) . 
